Continued scaling of CMOS technology beyond the 100 nm technology node will rely on fundamental changes in transistor gate stack materials [1] . Refractory metals and their metallic derivatives are among the only candidates suitable for use as transistor gate electrodes. In earlier publications, Mo has been proposed as a potential candidate for use as a MOSFET gate electrode and the implantation of nitrogen ions into the Mo film has been observed to lower the interfacial work function of Mo [2, 3] . This observation indicates the potential application of Mo as a CMOS gate electrode. In this paper, the dependence of the interfacial work function on the nitrogen implant parameters (viz. energy and dose) is discussed. In general, metal work functions at dielectric interfaces depend on the permittivity of the dielectric [3, 4, 5] . This dependence of the gate work function on dielectric permittivity presents a significant challenge for the integration of metal gate electrodes into future CMOS technology. In light of this, the ability to engineer the Mo gate work function over a relatively large range makes it an attractive candidate for this application.
INTRODUCTION:
Poly-crystalline silicon has been the gate electrode material of choice for several decades. In combination with SiO 2 as the gate dielectric, poly-Si has offered almost unparalleled ease in CMOS device fabrication and design. In particular, the ability to selectively alter the gate work function over the Si band gap has been instrumental in the choice of poly-Si as the gate electrode. As MOSFET technology continues to scale in physical dimension beyond the 100 nm node, it is becoming clear that integration of novel dielectrics and metal gate electrodes will be required [1] .
In the evaluation of candidate dielectrics such as metal oxides and metal silicates, it has recently been shown that some refractory metals exhibit chemical stability on dielectrics incompatible with poly-silicon [6] . Metal gate technology is also attractive because it eliminates the poly-Si gate depletion effect and the associated degradation in transistor performance. For a metal to be compatible with CMOS processing, it must be thermally stable on the dielectric, be easily deposited on and etched with high selectivity to the dielectric. In order to achieve low and symmetrical threshold voltages with sub-50 nm bulk-Si CMOS technology, it is necessary to have gate electrodes with work functions differing by almost 1 eV on the NMOS and PMOS devices [7] . While work function control is very easy to achieve using Si gate electrodes, it may not be trivial with metal gate electrodes. The dependence of the metal work function on the dielectric will also need to be examined and understood in order to select and design high performance CMOS devices.
In an earlier publication, we have demonstrated the ability to modulate the work function of Mo over a fairly wide range by nitrogen ion implantation [2] . This technology has also been successfully transferred to the fabrication of CMOS devices with high permittivity gate dielectrics [3] . Mo has been observed to be thermally stable on a wide range of dielectrics (SiO 2 , Si 3 N 4 , HfO 2 ) and thus appears to be a promising gate electrode for future CMOS generations. In this paper, the dependence of the interfacial work function on the nitrogen implant dose and energy is examined and trends presented which might enable Mo work function modulation over the Si energy band gap. Secondary ion mass spectrometry (SIMS) is used to examine the variation of the nitrogen concentration profiles in the Mo film, while x-ray diffraction is used to analyze the strucural evolution of the Mo films after implantation and annealing.
The remainder of this paper is organized as follows. Section 2 outlines the experimental work performed. Section 3 discusses the dependence of effective Mo work function on implantation conditions and also presents the results of physical analyses performed. Section 4 summarizes the results and presents conclusions.
EXPERIMENT:
Mo gated capacitors were fabricated on lightly doped p-silicon substrates with thermally grown SiO 2 as the dielectric. The interfacial work function of Mo was determined from MOS capacitor measurements with multiple SiO 2 thicknesses. The exact procedure used is described in reference [2] . In order to correlate the flat band voltage with the magnitude of charge within the dielectric and at the Si/SiO 2 interface, multiple oxide thicknesses were obtained on a single wafer. A few die on each wafer were implanted with 14 N + ions. The implant energies used were 60KeV and 80KeV with implant dose values ranging from 2E15 -1E16/cm 2 . Implant profiles were simulated using the IBM -TRIM  simulator. The implant energies selected were expected to give projected implant range (R p ) values of ~670Å and ~880Å into the 1500Å Mo film respectively. After gate definition, wafers were annealed in Ar ambient. Annealing was performed sequentially at 400°C and 700°C for 15 minutes each. In order to emulate thermal budgets normally encountered in a CMOS process flow, all wafers received a high temperature rapid thermal anneal (900°C, 10s) followed by a low temperature (400°C) anneal in forming gas. Electrical characteristics were measured after each annealing step.
RESULTS:
Interfacial work functions were extracted using using values of the flat band voltage for capacitors with varying oxide thickness. In a MOS system the flat band voltage V fb is related to the metal work function M by the following relationship [8] :
where Q f indicates the magnitude of fixed charge density in the oxide, t ox is the oxide thickness and ox is the permittivity of SiO 2 . On a plot of V fb vs. t ox , the intercept corresponds to the value of MS , the metal-semiconductor work function difference while the slope of the linear relationship between V fb and t ox is a measure of the fixed charge Q f in the oxide. The measured C-V curve Figure  1 which indicates the variation of the measured Mo interfacial work function with implant dose and energy. It can be seen that a higher implant dose in general leads to a lower work function. This dependence on dose is even enhanced at higher implant energies. It can be seen that annealing at 700°C leads to a significant lowering of the work function. Subsequent annealing at 900°C increases the work function, but further annealing at lower temperatures was seen to have a negligible effect on the work function values. The low work function states obtained thus appear to be metastable ones. From a technology perspective, it will be necessary to trap the system in these states. The physical mechanisms responsible for these changes need further analysis. Figure 3 shows the results of SIMS analysis which indicate the variation of the nitrogen content in the Mo film with annealing. While the as-implanted profile shows no distinct features, a distinct pile-up of nitrogen is observed at the Mo/SiO 2 interface after annealing at 700°C. This segregation effect is even more prominent after annealing at 900°C. It can be hypothesized that the high nitrogen concentration changes the charge transfer across the metal-dielectric interface and effectively lowers the metal work function at the interface. While increasing the annealing temperature increases the nitrogen concentration at the interface, it also tends to increase the work function, bringing it closer to the unimplanted value. This might suggest the contribution of other mechanisms to the effective work function, viz. alterations in the structure and morphology of the deposited film with annealing temperature. the Mo film. Figure 4 shows the results of x-ray diffraction analysis performed on the Mo/SiO 2 /Si stack after implantation. The broadened diffraction peak observed after implantation is indicative of severe non-uniform strain induced in the film. It is seen that annealing at 700°C leads to a fairly sharp and intense diffraction peak, indicating recovery of the induced strain. Annealing at 900°C leads to a further increase in the intensity of the peak, indicating an improvement in the crystalline quality of the film. The observed work function lowering after 700°C annealing and the subsequent increase in the work function after 900°C annealing can thus be attributed in part to a Metal work functions at dielectric interfaces have been observed to be dependent on the permittivity of the dielectric [3] [4] [5] [6] . Figure 5 shows the measured Mo work function on some potential dielectric materials being considered for future CMOS gate stacks. While the interfacial Mo work function does vary with the dielectric being used, the variation is within 200mV of the vacuum surface work function of the (110) crystallographic planes of Mo (4.95eV) [9] . This observation indicates the applicability of Mo as a conventional bulk-Si PMOS gate electrode. Selective nitrogen implantation into the Mo film is a relatively straightforward technique to modulate the Mo work function over the Si energy band gap, thus making it an ideal gate electrode material for bulk-Si CMOS devices and also for ultra-thin body SOI-CMOS devices [10] . 
CONCLUSIONS:
Control and manipulation of metal work functions at dielectric interfaces is an essential requirement for the continued scaling of bulk-Si and SOI CMOS technologies. The variation of the interfacial Mo work function with thermal annealing has been studied using MOS capacitor structures. Implantation of nitrogen into Mo is presented as a relatively easy solution to engineer the work function of Mo over the Si energy band gap. Nitrogen is observed to segregate at the Mo/SiO 2 interface with continued annealing; a phenomenon which lowers the interfacial Mo work function from a relatively high value of ~5 eV. The dependence of this work function lowering on the implant dose and energy has been studied. The ability to tailor the Mo work function over a fairly wide range makes it an attractive candidate for future CMOS technology generations.
